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It has been established that positive measures of temperature control
are essential to the satisfactory operation of all types of instrumented
and manned aerospace vehicles. The methods by which such control of
temperature might be achieved can be classified as either active or passive.
Active techniques are those by which electrical, mechanical, chemical or
nuclegr mechanisms are utilized within the vehicle to generate and dis-
tribute heat energy. Passive techniques are those measures which are
static in nature, incorporated at the time of design, and therefore, not
readily amenable to change while the vehicle 1s in operaticn. Pasaive
methods include selection of the basic materlals of construction, insula-
tion, and varicus types of surface treatments.

O0f all these methods for controlling the temperature of spacecraft
and satellites, the most lmportant are passive techniques which involve
those measures which determine the function of the vehicle's surface in
the exchange of heat with its surroundings. In the vacuum of space, all
exchange of heat between a bedy and '"ecld" space must be by electro-
magnetic radiation., If excessive heat 1s generated within a space vehlcle
by its power scurces, this excess must be dissipated radlantly from the
body to cold space; or, if on balance the craft radiates energy at a
higher rate than it absorbs heat from the sun and planets, then the
defliciency must be made up from its own Internal sources of power genera-
tion. And, of course, if its solar abscrptivity ils greater than its own
emissivity, the vehlcle willl overheat. The complexity of controlling the
heal balance 1g made more difficult by orbit, space and shape factors, but
it has been shown mathematically that all of these problems are surmount-—
able through the application of established sclentific prineiples - if
engineers and sclentists can design proper materials fer the job. The
varying degrees of success alrsady attalned with scientific space probes,
and orbiting vehlcles, has pointed up both the existence of the tem-
perature control problem as well as a logical approach to its sclution.

A number of different types of surfaces, including organic coatings,
have been used successfully in designing for specific heat balances
within the various sclentific spacecraft which have been launched. Per-
haps the two most important guestions, as yet unanswered, regarding
these coatings are (1) how long will they remain serviceable in the space
enviromment? and (2) what are the capabilities of current technology in
providing a varlety of practical surface coatings having the required

* Mr. Frank M. Noonan is now employed by the Gelgy Chemical Company.

WADD TR 60-773 17



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display acurrently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
1960 2. REPORT TYPE 00-00-1960 to 00-00-1960
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

The Design of Organic Coatingsfor Usein the Space Environment £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

Wright Air Development Center,Wright Patter son AFB,0OH,45433 REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR'’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

seereport

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17.LIMITATION OF | 18 NUMBER | 19a NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE 22
unclassified unclassified unclassified

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



abgorbtivity-to-emissivlity ratios to meet any and all design criterla? Tt
is the objective of the U. S. Naval Research Laboratory to provide answers
to these two questlons insofar as they apply to organic coatings.

Experience has accustomed us to the degradation of surface coatings
by thelr terrestrlal enviromments. However, insufficient knowledge of
the envirommentsl factors which wlll be found in space as yet preventis
a reliable prediciion of the serviceabllity of organic coatings, as well
as many other materials, in the space enviromment. Within the earth's
atmosphere, organlc coatings normally are degraded by oxygen, water
vapor and sunlight, In eddition to whatever local factors exist (i.e.,
industriel fumes, salt, abrasives, ete.). Sunlight is the only one of
these factors which is believed also to have a marked effect on organic
coatings beyond the Influence of our atmosphere. In gpace, sunlight
will be very much more Intense. than at the earth's surface, partlcularly
in the ultraviolet reglon of the spectrum. In addition, the extreme
vacuums of space may promote rapld veolatilization of some organic
materlals, and relatively wide temperature extremes may be encountered.
It has been determined, however, that for spacecraft of practical design,
in close-in orbits, the maximum temperatures can be held well within the
capability of a number of existing coating resins. It is more difficult
to ascertain the minimum temperature which may be encountered when the
vehlicle 1s in shadow of the earth., For a space research device such as
ECHO~-1, which consilsted of a film of MYLAR bearing an evaporated alumi-
num coating, 1t has been estimated that a minimum temperature was reached
within five minutes of the time it passed into shadow of the earth (1).
The minlmum temperature reached is not known, but may have been well
below -100°C. Most organic materials at such low temperatures are very
brittle. Hence; 1% may be that in space, low temperatures willl have a
relatively greater Influence on the serviceability of an organie coating
than the maximum temperatures likely to be reached.

Very 1ittle is known of the magnltude of other factors, such as
meteoric dust and corpuscular radiation, which certainly will have a
deleterlous effect on most materlals, but which, 1t is hoped, will have
such a low rate of incldence on spacecraft as to be of no consequence
insofar as the practical consideration of materials deterioration is
concerned.

It appears highly imprcbable that anyone will accurately simulate
a space environment In a terrestrial laboratory in the near future.
Therefore, practical experiments must be designed to investigate one or
another - perhaps in a few cases - simulitaneously two of the parameters
which asppear likely to affect the serviceability of surface materials in
space. The U. S. Naval Research Laboratory currently is particularly
interegted in determining the effect of intense ultraviolet energy on
organic ccatings in an atmosphere of air at pressures in the range of
1 x 10~ mm of mercury or lower. For most experiments, the Laboratory
has used a mercury vapor lamp, Type UA~3 manufactured by the General
Electrlc Company. The spectrum of this lamp is indicated in Figure 1.
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Figure 1 - Spectrum of UA-3 Mercury Vapor Lamp
from 0.22 to 0,76 Microns

A few experiments have bezn carried out with a hydrogen discharge lamp
which provides significant ultraviolet energy at wavelengths as low as
1150 Angstrems (2).

A large number of organic coatings, both pigmented and unpigmented,
have been studled to determine the degree toc which their optical and
physical properties have been altered by exposure to the stated conditions.
The first such experiments were conducted on clear (i.e. unpigmented)
resins. For comparative reasons, specimens of each coating were ir-
radlated both in alr, at ambient temperature and pressure, as well as
under the vacuum condltions. The detailed results of these early studles
have been published by the Naval Research Laboratory (3,4,5) and will be
only summarized here for purposes of providing background information
pertinent to more recent work. The most significant findings based on
these early studies were as follows:

(1) The photodegradation of organic polymers in a vacuum is much
less rapid than in a normal atmospheric envircnment for equlvalent
amounts of ultraviolet radiation. In a normal atmosphere containing
oxygen and water vapor, the usual dominant photochemical reaction appears
to be scission of the polymer chain, whereas in a vacuum the usual
"degradatlon” reactlon is erosslinking. Crosslinking does not dele-—
teriously affect a coating!s properties unless it becomes excesslve, in
which case embrittlement, shrinkage and loss of adhesion may result.
Crosslinking 1s fundamentally much less harmful than sclssion from the
point of view of the coatings technologist.
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(2) As a class, the silicone reslns demcnstrated the best overall
balance cf film properties in alr and the simulated space enviromment.
This finding was based upon comparative studies which alsc included alkyds,
phenclics, vinyls, styrenated alkyds, melamines, urea formaldehyde and
gerylle ester resins,

(3) In general, all of *he clear polymer films became very sirong
abgorbers of ultraviolet energy after a few hours of exposure to the
experimental conditions. Of course, some resins inherently are sirong
absorbers of ultraviolet energy under any cilrcumstances, but in these
experiments even those resins such as the methacryiates and urea form-
aldehyde, which ordinarily are not considered to be strong absorbers
of UV energy, became strong absorbers after a brief period of irradiation.
Obviously, the initially slight absorption of ultraviolei energy by these
films rapidly produced compounds which strongly absorb uliraviolet
radiation.

(4) Welght loss through volatilization of unpigmented polymers
varies widely and appears to be directly related to the opposing reactions
of crosslinking and scission. It will be shown subsequently (Table I)
that volatilization is much reduced if the polymer films are pilgmented.
Volatilization of the silicone, melamine, and urea formaldehyde resins
wag slight to moderate in a normal atmosphere. Under the vacuum con~
ditions, volatilization of the sllicone reain was very slight even in the
unpigmented film-form. This finding was particularly significant in
selecting silicone resins as the principie matrix class for subsequent
plgmentatlion studies. Melamlne and urea formaldehyde resins were con~
sidered less suliable because of the need, and usual practice of using
them in combination with nondrying alkyds.

(5} There was no cbservable difference, qualitatively spesking,
between the reactions induced by the 'mear! and 'far! ultraviolet
irradiation of unpigmented organic films in a vacuum. Quantitative
differences were cbserved, more or less in proportion to the relative
intensities of the two energy sources. As the mercury vapor lamp was
the more intense, films irradlated by it were the more rapidly discolored
and Insclublized, the latter phencmenon being interpreted as attributable
to crosslinking,

Upon completlon of the experiments leading to the above findings,
the study of pigmented organic coatings under similar conditions was
comenced. For simplicily, and to minimize the number of variables, the
first formulations consisted of one pigment and one resin. Although these
experiments have included formulations at three plgment-volumes (20%,
30%, and 40%), most of the work to date has been conducted on formulations
having a pigment~volume (PV) of 30%. Also, most experiments thus far have
employed a phenylmethyl silicone matrix, though scme have been conducted
using other binders such as the acrylic, urea formaldehyde, melamine
formaldehyde, epoxy and urethane resins.

The pigmented coatings have been applied to anodized aluminum panels
in film thicknesses of 2 mils by means of a draw-down applicator. Follow-
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ing proper curing, the specimens were irradiated in a vacuum apparatus
which is illustrated by Figures 2 to 4, inclusive., Pressures were main-
tained at 1 x 102 mm of mercury or lower. The intensity of energy
falling on the samples was .75 calories per minute, approximately half
of which is below 0.4 microns. The total exposure period was 100 hours,
but was interrupted at Intervals to make weight loss and reflectance
measurements on the samples. The total spectral reflectance of each
sample, as referenced to a freshly smoked magnesium oxide standard, was
measured between 0.22 and 2.7 mlcrons using a Beckman Model DK-2 Spectro-
photometer with reflectance attachment. At the conclusion of the test,
the Irradiated specimens were compared with identical unirradiated
samples for adhesion, flexibility, and general appearance.

Flgures 5 to 8 Inclusive show the total reflectance curves of
several pigmented silicone resin formulations. Figures 9 and 10 have
been included in order that a comparison may be made of the pigmented
coatings with two standard types of uncoated metal surfaces. Minor
"peaks" and "valleys" in the exact spectrophotometer traces have been
averaged in the curves of the accompanying figures. The reflectance
values obtained have, in each Instance, been shown over two wavelength
spans. This has been done in order to more clearly illustrate the changes
in spectral reflectance which occurred in the lower wavelength regions of
the spectrum, i.e., below 0.8 microns, which region is included in the
top curves of figures 5 to 10, inclusive. The rapid and large decrease

Fig. 2 - Vacuum Manifold for Twelve Sample Compartments
(Quick-Couplings in Place)
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Fig. 3 - Partial Assembly of Vacuum Manifold and Sample
Compartments Showing Position of Mercury Vapor Lamp

Fig. 4 - Partial Apparatus Assembly Showing Quartz- Water
Heat Filter Surrounding Mercury Vapor Lamp
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In the reflectance of ultravioclet energy by most of these surfaces as
exposure progressed is most striking in those ceoatings which contain the
granula® type plgments. In contrast, the reflectance of the coating
plgmented with a leafing eluminum decreases very little over the 100-hour
exposure periocd. The large decrease in the reflectance of anodized
aluminum was a surprise finding. Thils result has been obtained with
aluminum anodized by both the chromic acld and sulfuriec acid processes.
The dlight decrease iIn reflectance of the clean 24S-T allcy is possibly
attributable to condensation of volatiles evolved elsewhere in the

vacuum equipment.

In general, the weight loss through volatilization of plgmented
coatings has been insignificant. Table 1 presents Typlcal results of
welght loss studies conducted on the coatlngs subjecied to the simuiated
gpace "atmosphere" for 100 hours. Table 1 also presents an evaluation
of other essentlal film properties followlng the perilod of irradiation.

There 1s considerable vlsible evidence that the effect of ultraviolet
energy on pilgnented coatings in a vacuum 1s limiied to the surface region
of the coatings, and that the properties of the films are not deleteriously
affected below the depth penetrated by the ultraviclet radiation. If the
irradiated coatings are abraded with a knife or fine Sandpaper, a fresh,
white surface 1s again exposed.

Although a very large amount of the work to date has been carrled
out using coatings having a plgment-volume content of 30%, a few studies
have been completed on the effect of variations in the pigment volume
content. As would bte a loglcal expeciation, the efficiency of a coating
in reflecting light energy may be improved 1f its content of an appro-
priate pigment is increased. However, experlence has shown that such an
increase in plgmentaticn 1s likely to be accompanied by a sacrifice In
adhesion and flexibility. Just how great a compromise of this sort can
be made is yet tc be determined, but the requirements for adhesion and
flexdibility in a spacecreft coating may not be so exacting as for an
aircraft coating.

The theoretical solar ebsorptance of a coating can be determined
with gocd accuracy by substracting the integrated solar reflectance from
the integrated solar emission spectrum. The computed values, of course,
should be corrected for the reflectance of the reference standard,
magneslum oxide. Since the sum of the reflected and absorbed energy by
a surface coating at each wavelength equals the total energy of each
wavelength falling on the surface, the speciral absorptance can be
obtained Indlrectly from the reflectance measurements. The slgnificance
of such data with regpect to the probable efficacy of two of the ex-
perimental coatings, if used on spacecraft, 1s shown by Figures 11 and
12, The curves in these iwo figures are bazed upon refleciance measure-
ments on the two coatings after exposure to the experimental space
enviromment for 100 hours.

The hemispherical emittance (primarily infrared emittance) of a
spacecraft material is relatively difficult to cobtain. The Laboratory
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has determined the normal emittance of some of its experimental coatings
for the temperature of 100°C (7). According to Jakob (8), hemispheric
emittance bears a rather precise relation tc the normal emittance, and
therefore can be computed. Table 2 gives the normal emittance values of
some typical coatings.

Table 2

The Normal Fmissivities of Typilcal Surface Materials
at 100°C. (Not exposed to ultraviolet irradiation
in a vacuum)

ample Emigsivity
(ALl organic coatings of 2 mil thickness on anodized aluminum)

Black silicone paint 0.88
White (30% PV zinc sulfide) silicone paint 0.77
Clear (unpigmented) silicone varnish 0.74
Anodized 24S-T aluminum (uncoated; chromic acid

process 0.55
Aluninum (leaf'ing pigment) silicone paint 0.33
Krylon (contral)* 0.90

* This ccating, used by the Division of the Laboratory making these
measurements, may have been of greater thickness than 2 mils.

Other interesting cbservations made in course of these studies are
the temperatures of the varilous specimens as they undergo irradiation.
Obviously the relationship between the absorptance and emittance of
each specimen significantly affects its temperature in the test equip-
ment, just as it will determine the equilibrium temperature of a similar
body in space. In these experiments each coating has been applied to
a 1" x 3" anodized aluminum sirip which is .020 inches thick. Tem~
perature is sensed by a thermocouple attached to the non-irradiated
side of the panel. There 1s, of course, some loss of energy from the
specimen by the conductive process, but such loss is not great in
comparison with energy which is radiated by surfaces that are good
emitters (i.e., paints, organic materials, and numerous metal oxides).
However, the conductive heat losses are great in comparison with the
emission of energy by a clean, smooth metalllc surface. The tempera-

tures which have been noted for several of the sample materials as they
undergo irradiation in the vacuum chambers are given in table 3.
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Table 3

Temperature of Sample Materials when Exposed In
The Laboratory's Simulated Space Environment

(411 organilc coatings of 2 mil thickness on anodized aluminum,
facing lamp, unless otherwlse indlcated)

Sample Tem Er?ture
E C

1. Black siliicone paint 87°
2. Black silicone paint on both gides of panel 84°
3. White (30% PV zinc sulfide) siliceme paint 84°
4. White (30% PV zinc sulfide) silicone paint

on both sides of panel 73°
5. Aluminum (leafing type) sillcone paint 97°
6. Unpigmented sillicone varnish 89°
7. Anodized eluminum (uncoated) _ 107°
8. Anodized aluminum panel with black silicone

paint on reverse side 78°
9. Clean, rolled, nonanodized 24S-T alloy 127°

The "a/e" values for the black,aluminum,and zinc sulfide pigmented
coatings are approximately 1.1, 1,0, and 0.4, respectively. The values
for the other surfaces have not been determined. The Lemperaiures
indicated in table 3 are net an Indication of the equilibrium temperatures
of these samples were they in a true space environment, because of great
differences in the gpectral distribution and intensity of the Labora-
tory's source of Irradiation as compared to the sun's energy beyond
the earth's atmospheres.
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*It appears that several logicel conclusions can be drawn from the
experimental results thus far cbtained. On the basis of our present
techmical knowledge, it is practical to formulate organic coatings
having "a/e" values ranging between 0.4 and 1.1. Other researchers
have reported pigmented organic coatings which provide "a/et values as
low as 0.17 (9) and as high as 1.2 (10). Undoubiedly the ultimate choice
of any pigmented coating must be scmething of a compromise between
esgential physiecal properties, such as flexibility and adhesion, versus
its optical characteristics.

It is apparent that much additional study is required before an
accurate amswer can be given to the question of how long an organic
coating can be evpected ito perform ite intended role on the exterior
of a space vehlcle., Because of the great difflculty, if not impos-
sibility, of accurately simulating a space environment in the laboratory,
1t appears that ultimstely an experiment must be designed to evaluate the
most promising coatings on a vehicle in space,

Wnlle a precise answer to the question of coating serviceabllity
in space is not yet at hand, the Laboratory's experiments have turned
up some facts which certainly will have a bearing on the eventual
answer, Probably the most significant finding of this research to date
is the fact that, with exceptlon of the coatings plgmented with leafing
aluminum, the effectiveneszg of all organic coatings in reflecting
ultraviclet energy diminiches rapidly on exposure. In most cases,
80-90% of the decrease in reflectance of ulbravielet energy occurs during
the first 10-20 hours of exposure to the simulated gpace conditions.
Furthermore, in many cases the efficacy of the coatings in reflecting the
lower wavelength visible spectrum concurrently decrease substantially.
Coatings containing leafing aluminum as a plgment show a relatively
slight (5-10%) decrease in reflectance under the conditions of the
experiment.

It 1s the Laboratory's opinion that the twe silicone ceatings
containing leafing aluminum and zine sulfide pigments are suitable for
use on the exveriors of some space vehicles, even though their very long
term serviceability in a space enviromment has not vet been established.
The white coating is particularly suitable where a "cold" surface is
needed 1o counterbalance a "hot" surface area such as results from the
use of solar cells, and unpalinted metal,

*The quantity of date collected from these experiments is too voluminous
for its complete presentation in this paper. JSome of 1t has been pub-
lished recently in NEL Report 5503 (6), and the remainder will appear in
subsequent NRL reports. Those observations which are believed %o be most
significant have been presented.
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